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EXECUTIVE SUMMARY 

The System Analysis Module (SAM) is under development at Argonne National Laboratory 

as a modern system-level modeling and simulation tool for advanced non-light water reactor safety 

analyses. It utilizes the object-oriented application framework MOOSE to leverage the modern 

software environment and advanced numerical methods. The capabilities of SAM are being 

extended to enable the transient modeling, analysis, and design of various advanced nuclear reactor 

systems. This report summarizes major progress in SAM code development, capability 

enhancements, demonstration, and validation to support transient safety analysis of advanced non-

LWRs. 

Rapid developments continued in fiscal year 2020 (FY20) to support various needs of the 

advanced reactor community, especially the NRC and industry on the licensing safety analysis of 

advanced reactor designs. Significant code changes were made to provide various capability 

enhancements, bug fixes, and user friendliness improvements. Major code updates are summarized 

in Section 1, while four important enhancements are detailed in Sections 2-5, including a multi-

dimension flow model; reactivity feedback and decay heat models; control and trip system 

modeling, and additional fluid and solid thermophysical property models. Code validation 

activities in FY20 include using test data from the Fast Flux Test Facility (FFTF), the High 

Temperature Test Facility (HTTF), and several separate effects test facilities for pebble-bed 

modeling. 
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1 Introduction 

An advanced system analysis tool, SAM [1][2], is under development at Argonne National 

Laboratory for advanced non-LWR reactor safety analysis. It aims to provide fast-running, 

modest-fidelity, whole-plant transient analyses capabilities, which are essential for fast turnaround 

design scoping and engineering analyses of advanced reactor concepts. While SAM is being 

developed as a system-level modeling and simulation tool, advanced modeling techniques being 

implemented include a reduced-order three-dimensional module [3], pseudo 3-D conjugate heat 

transfer modeling in reactor core [4], flexible and multi-scale modeling of heat transfer between 

fluid and structures [5], in addition to the advances in software environments and design, and 

numerical methods.  

SAM aims to be a generic system-level safety analysis tool for advanced non-LWRs, including 

Liquid-Metal-cooled fast Reactors (LMR), Molten Salt Reactors (MSR), Fluoride-salt-cooled 

High-temperature Reactors (FHR), and High-Temperature Gas-cooled Reactors (HTGR). SAM 

takes advantage of advances in physical modeling, numerical methods, and software engineering 

to enhance its user experience and usability. It utilizes an object-oriented computational framework 

(MOOSE [6]), and its underlying meshing and finite-element library and linear and non-linear 

solvers, to leverage the modern advanced software environments and numerical methods. 

Rapid development continued in fiscal year 2020 (FY20) to support various needs of the 

advanced reactor community, especially the NRC and industry on the licensing safety analysis of 

advanced reactor designs. SAM is receiving increasing interests in the nuclear community for its 

use in advanced reactor design and safety analyses. Significant accomplishments in user 

engagements in FY20 include: 

• Joint code development with Kairos Power for molten-salt-cooled pebble-bed reactors 

under the support of a Technology Commercialization Fund (TCF) award and a DOE-

NE’s industry FOA award.  

• Provide technical support to NRC on SAM applications to advanced non-LWR safety 

analysis and improve code capabilities to close gaps in the safety modeling of various 

advanced reactor designs. 

• Support reactor design analysis and assessment for HolosGen’s gas-cooled micro reactor 

and Moltex’s stable salt reactor concepts under the support of DOE ARPA-E’s 

MEITNER program. 

• SAM code licensees granted in FY20 include BWX Technologies, NuScale, Virginia 

Commonwealth University, University of Wisconsin, while the license agreement with 

Moltex Energy, TerraPower (updated license) are undergoing. 

In FY 20, the SAM code has gone through significant changes with capability enhancements, 

bug fixing, and user friendliness improvements. The major updates include: 

• Improvements in the reduced-order multi-dimensional flow model for thermal mixing 

and stratification in a large pool [7].  

• Improvement in fuel axial expansion reactivity feedback modeling for liquid fuel. 

• Implementation of decay heat modeling for stationary fuel. 

• Design and implementation of control and trip system in SAM. A set of proportional–

integral–derivative (PID) controllers and trip logic units are implemented.  
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• Significant improvements in salt freezing modeling for molten-salt-cooled reactors [8].  

• A major bug fix of heat transfer coefficient calculations when switching different 

correlations due to flow condition changes. It greatly improved the robustness and 

performance of the code.  

• Improvements in equation of state models, which removed the potential inconsistencies 

when users provide both specific heat and enthalpy models in the input. 

• Additional fluid properties are implemented, including a set of pure salt, MSRE fuel salt, 

lead, LBE.  

• A set of fuel and cladding material properties are implemented.  

• A new valve component model is implemented. 

• A set of postprocessors are implemented for checking mass and energy conservation in 

the system.  

• Updates in heat structure boundary condition modeling to allow for SAM/TRACE 

coupling through BlueCRAB.  

• Flexible and multi-scale modeling of heat transfer between fluid and structures, including 

coupled 1D fluid flow and 2D/3D heat structure or coupled 2D/3D flow with 2D/3D heat 

structure [9]. 

 

SAM also utilizes the application- and validation-driven code development approach. These 

demonstration and validations lead up to the continuous assessment of the code capabilities and 

performance for a wide range of advanced reactor applications. Code demonstration activities in 

FY20 cover simulations of a molten salt fast reactor [10], a molten-salt-cooled pebble-bed reactor 

[11], a gas-cooled micro reactor, and a stable salt reactor [12]. The demonstration simulations also 

resulted in reference plant models for these reactor types, which can be further utilized and tested 

by code users to examine the SAM code capabilities and identify capability gaps for these types 

of reactors. Code validation activities in FY20 include using test data from the Fast Flux Test 

Facility (FFTF), the High Temperature Test Facility (HTTF), and several separate effects test 

facilities for pebble-bed modeling.  

This report summarizes the FY20 progress in SAM code development, capability 

enhancements, and validation to support transient safety analysis of advanced non-LWRs. This 

report is structured as follows: Section 2 provides a summary on the updated multi-dimensional 

flow model and its validation. Section 3 describes the recent enhancements in SAM on fuel axial 

expansion reactivity feedback modeling for stationary liquid fuel and on decay heat modeling for 

stationary fuel. Section 4 discusses the development of control and trip systems in SAM. Section 

5 describes additional fluid and solid property models implemented in SAM as built-in materials, 

including salt, lead, lead-bismuth, and a number of fuel and cladding materials. The code 

validation efforts are summarized in Section 6.  

1.1 Overview of Current Capabilities 

For a system analysis code, numerical methods, mesh management, equations of state, fluid 

properties, solid material properties, neutronics properties, pressure loss and heat transfer closure 

laws, and good user input/output interfaces are all indispensable. SAM leverages the MOOSE 

framework and its dependent libraries to provide solver schemes, mesh management, and I/O 

interfaces while focusing on new physics and component model development for advanced reactor 
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systems. The developed physics and component models provide the following major modeling 

features: 

1. One-D pipe networks represent general fluid systems such as the reactor coolant loops. 

2. Flexible integration of fluid and solid components, able to model complex and generic 

engineering systems. A general liquid flow and solid structure interface model was 

developed for easier implementation of physics models in the components. Flexible multi-

scale convective heat transfer modeling is available through coupled 1D fluid flow and 

2D/3D heat structure or coupled 2D/3D flow with 2D/3D heat structure. 

3. A pseudo three-dimensional capability by physically coupling the 1-D or 2-D components 

in a 3-D layout. For example, the 3-D full-core heat-transfer in an SFR reactor core can be 

modeled. The heat generated in the fuel rod of one fuel assembly can be transferred to the 

coolant in the core channel, the duct wall, the inter-assembly gap, and then the adjacent 

fuel assemblies. 

4. Pool-type reactor specific features such as liquid volume level tracking, cover gas 

dynamics, heat transfer between 0-D pools, fluid heat conduction, etc. These are important 

features for accurate safety analyses of SFRs or other advanced reactor concepts. 

5. A computationally efficient multi-dimensional flow model, for thermal mixing and 

stratification phenomena in large enclosures for safety analysis. It was noted that an 

advanced and efficient multi-D flow modeling capability embedded in a system analysis 

code is very desirable to improve the accuracy of advanced reactor safety analyses and to 

reduce modeling uncertainties.  

6. A general mass transport capability has been implemented in SAM based on the passive 

scalar transport. The code can track any number of species carried by the fluid flow for 

various applications.  

7. A general control and trip system modeling capability. A set of PID controllers and 

Boolean logic units are available. 

8. A general fluid freezing and thawing capability. This capability is particularly important 

for safety assessments of molten-salt-cooled reactors.  

9. An infrastructure for coupling with external codes has been developed and demonstrated. 

The code coupling with STAR-CCM+, SAS4A/SASSYS-1, Mammoth/RattleSnake, 

Nek5000, and BISON have been demonstrated.  

 

As an example, SAM simulation results of a heat-pipe-cooled micro reactor are shown in 

Figure 1-1 and Figure 1-2. This effort utilized several MOOSE-based submodules under NRC’s 

Comprehensive Reactor Analysis Bundle (CRAB), including SAM, MAMMOTH/Rattlesnake, 

and MOOSE’s Tensor Mechanics module. The details of this work are summarized in an earlier 

report [13].  
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Figure 1-1. Steady state solid temperature profile of a heat-pipe-cooled micro reactor. Horizontal 

cut view (left) and vertical cut view (right). 

 
Figure 1-2. Transient average solid temperature of different blocks during an unprotected loss of 

heat sink event. 
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2 Updates in Multi-Dimensional Flow Modeling 

In SAM, a unified multi-dimensional flow model has been developed and implemented to 

consider both the general multi-dimensional flow model and the porous medium-based flow 

model, as both models have many similarities. Additionally, there is also a need to include both 

flow models in the same simulations for many applications. For example, in simulations of HTGR 

core multi-dimensional flows, it is typical to model flows in both the top and bottom plena using 

the general multi-dimensional flow model and flow through the pebble-bed core using the porous-

medium approach. Therefore, a unified model based on these two sets of flow equations has been 

developed to reduce the effort of code implementation, as well as to ease the model input process 

when both flow models are needed in the same simulation. The details of this work are summarized 

in an earlier report [7], including the governing equations, types of boundary conditions, 

stabilization schemes, and code implementation of the SAM multi-dimensional model. 

For the unified flow model, the fluid mass, momentum, and energy balance equations are given 

as follows: 

𝜖
𝜕𝜌

𝜕𝑡
+ 𝛻 ∙ (𝜌𝒗) = 0, (2-1) 

𝜌
𝜕𝒗

𝜕𝑡
+

𝜌

𝜖
(𝒗 ∙ 𝛻)𝒗 + 𝜖𝛻𝑝 − 𝜖𝜌𝒈 + 𝑭𝑚 = 0, (2-2) 

𝜖𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
+ 𝜌𝑐𝑝𝒗 ∙ 𝛻𝑇 − 𝛻 ∙ (𝜖𝑘𝛻𝑇) − 𝑞′′′ + 𝑆𝑒 = 0  (2-3) 

The source term, 𝑭𝑚, in the momentum equation is given as 

𝑭𝑚 = {
−𝜇∇2𝒗 (𝑔eneral model)

𝛼𝒗 + 𝛽|𝒗|𝒗 (porous − medium model)
 (2-4) 

and the additional source term in the energy equation, Se, in the fluid energy equation is given as 

𝑆𝑒 = {
0 (general model)

𝑎𝑤ℎ(𝑇 − 𝑇𝑠) (porous − medium model)
 (2-5) 

 

It is noted that, if the porosity 𝜖 = 1, this model exactly reduces to the general multi-

dimensional flow model. For the simulation of a porous medium, where the solid structure is also 

modeled, an additional solid-phase energy equation is used. 

(1 − 𝜖)𝜌𝑠𝑐𝑝,𝑠

𝜕𝑇𝑠

𝜕𝑡
− 𝛻 ∙ (𝑘𝑠,𝑒𝑓𝑓𝛻𝑇𝑠) − 𝑞𝑠

′′′ + 𝑎𝑤ℎ(𝑇𝑠 − 𝑇) = 0 . (2-6) 

 

To validate SAM’s multi-dimensional flow model for more complex flows with turbulence 

mixing and thermal-stratification phenomena, experimental data obtained in the SUPERCAVNA 

facility are utilized. The SUPERCAVNA facility at the French Alternative Energies and Atomic 

Energy Commission (CEA) was designed to study liquid sodium flows relevant to SFRs, including 

flow recirculation and thermal stratification. This facility consists of a stainless-steel rectangular 

cavity with inlet and outlet channels at the bottom of the cavity. The cavity’s right wall can be 
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heated through a secondary sodium loop (heating channel), while all the other walls are thermally 

insulated. The facility and flow directions are illustrated in Figure 2-1.  

 
Figure 2-1. The SUPERCAVNA facility and flow directions.  

 

Three experimental data sets were utilized to validate SAM’s multi-dimensional flow model: 

one transient case and two steady-state cases. The steady-state cases consist of flows with a strong 

buoyancy presence induced by the heating channel. The transient case, on the other hand, consists 

of a forced-convection experiment, where liquid sodium is injected at a constant flow rate with 

decreasing temperatures. Although the geometry of the SUPERCAVNA facility is quite simple, 

the flow conditions are indeed complex, and pose great challenges for numerical simulations 

because of the very different length scales in the test facility. The SAM code validation study 

started with the use of the highly simplified zero-equation turbulence model, and it was determined 

that this model is too simple to capture the complex flow and thermal mixing behaviors. 

Subsequently, the code validation continued with the use of turbulent viscosity data from high-

resolution STAR-CCM+ CFD simulations to improve the accuracy of the results. Using this 

approach, the SAM simulation results showed very good agreement with both the SUPERCAVNA 

experimental data and STAR-CCM+ simulation results, as shown in Figure 2-2 and Figure 2-3. 

The details of this work are summarized in an earlier report [7]. 

This work presents an attempt to include a built-in advanced multi-dimensional flow model in 

SAM to overcome the simulation challenges of thermal mixing and stratification. This new code 

capability has been successfully validated against the very complex SUPERCAVNA transient and 

steady-state experimental data. This result shows that the SAM code has a very high potential to 

effectively treat the thermal mixing and stratification phenomena that pose significant challenges 

to traditional system analysis codes. 
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Figure 2-2. SAM results for case T1: Temperature time series at the inlet Tfi, outlet Tfa, and 

several �̃� locations (along V2). The circles and solid lines represent the experimental data and 

the SAM results, respectively. Note that Tfi is overlapping with T*
fi. 

 
                                 (a)                                                                  (b) 

Figure 2-3. CFD, SAM, and experimental temperature profiles for cases P3 and P4 at 

locations a) V1 and b) V2. The circles and solid lines represent the experimental data and the 

CFD results, respectively. The dashed lines represent the SAM results.  
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3 SAM Enhancements in Reactivity Feedback and Decay Heat Modeling 

The analysis of the transient behavior of a nuclear reactor requires the coupled simulation of 

reactor kinetics and thermal hydraulics of the reactor core, especially for those unprotected 

transients where the reactor scram system may not function properly. The point-kinetics model has 

been widely used for reactor safety analysis due to its simplicity to capture the transient behavior. 

Various reactivity feedback models have been developed and integrated with the point-kinetics 

module, including fuel axial expansion, core radial expansion, fuel Doppler, and coolant density 

reactivity. The reactivity feedback models in SAM are similar to the respective models used in 

SAS4A/SASSYS-1. The point-kinetics module and reactivity feedback models were summarized 

in an earlier report [14].  

3.1 Fuel Axial Expansion Reactivity Feedback  

In the point-kinetics model, it is assumed that the reactor power can be separated into space 

and time functions. The assumption is adequate when the space distribution remains nearly 

constant during the transient.  The point-kinetics model shown in Equations (3-1) and (3-2) has 

been widely used for the transient safety analysis of stationary fuel reactors.  

𝑑𝑛

𝑑𝑡
=

𝜌𝑒𝑥𝑡 − 𝛽𝑒𝑓𝑓

𝛬
𝑛(𝑡) + ∑ 𝜆𝑖𝐶𝑖

𝑖

 (3-1) 

𝑑𝐶𝑖

𝑑𝑡
=

𝛽𝑖

𝛬
𝑛(𝑡)  − 𝜆𝑖𝐶𝑖 

(3-2) 

where 𝑛(𝑡) is the total neutron population, normalized by the neutron population at full fission 

power; 𝐶𝑖 is the magnitude of delayed-neutron precursor population 𝑖, normalized by the neutron 

population at full fission power; 𝛽eff is the total effective delayed-neutron fraction while 𝛽𝑖 is the 

fraction for delayed neutron precursor 𝑖; 𝜌𝑒𝑥𝑡 is representing the net reactivity feedback; 𝛬 is the 

prompt neutron generation time. The normalized fission power and delayed-neutron precursor 

population are solved simultaneously. 

In advanced nuclear reactors (e.g. sodium-cooled fast reactor), the fuel, especially metallic 

fuel, expands or shrinks within the cladding in response to the fuel temperature changes during the 

transient. The geometry changes of the fuel impose a positive or negative reactivity feedback, 

which affects the prompt fission power calculation in the point-kinetics model. The fuel axial 

expansion model was developed to consider the reactivity feedback in response to the fuel 

temperature changes during the transient. In SAM, the fuel axial expansion reactivity is calculated 

by the difference between the transient and initial values of total reactivity worth in the fuel pins.  

𝑅A(𝑡) = ∫ 𝜌𝑓(𝜉, 𝑡) × 𝑓(𝜉) × 𝐴 𝑑𝜉
𝑧=𝐿′

𝑧=0

 (3-3) 

∆𝑅A(𝑡) = 𝑅A(𝑡) − 𝑅A
𝑠𝑠 (3-4) 

where ∆𝑅A is the fuel axial expansion reactivity feedback in the unit of Δk/k; 𝜌𝑓(𝜉, 𝑡) is the fuel 

density at transient time 𝑡 in the unit of 𝑘𝑔/𝑚3; 𝑓(𝜉) is the fuel reactivity coefficient in unit of 
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Δk/k / kg; 𝐿′ and 𝐴 are the expanded fuel length during the transient and cross-section area, 

respectively. The integration will consider the axial thermal expansion of the fuel pin.  

Considering dividing the fuel into 𝑁 number of layers in the axial direction, the integral 

reactivity worth was calculated by 

𝑅A(𝑡) = ∑ 𝑚𝑖

𝑁

𝑖=1

𝑓(𝜉𝑖) 
(3-5) 

where 𝑚𝑖 is the mass of the 𝑖-th axial layer which is held constant during the transient calculation 

due to mass conservation, 𝜉𝑖  is the axial center location of the 𝑖-th layer with the axial displacement 

in consideration.  

This model and the implementation worked well for the solid fuel where the axial expansion 

is small. However, this model faces some issues in case of liquid fuel design, such as the Stable 

Salt Reactor (SSR) design by Moltex Energy:  

• The assumption of linear thermal expansion was valid for solid fuel where the thermal 

expansion is relatively small. However, this assumption becomes problematic in the case 

of a liquid fuel, as used in molten-salt reactors, where the axial thermal expansion (and fuel 

density change) could be significant. The fuel density changes nonlinearly with fuel 

temperature.  

• During the transient, there could be a portion of fuel outside the nominal fuel length due to 

the thermal expansion. The exact reactivity worth of this portion of fuel needs to be 

provided by the reactor physics calculation. In the SAM implementation, the value of fuel 

reactivity function (𝑓) beyond the nominal fuel length represents this effect. This is 

understood as an input that should be provided by the SAM users. In practice, this 

information could be difficult to obtain. In the case of solid fuel, because the thermal 

expansion is small, the effect of this portion of fuel is minimal and can be safely ignored. 

However, this is not the case for liquid fuel.  

 

To overcome these issues, a new fuel axial expansion reactivity feedback model is added into 

SAM for better treatment of liquid fuel. In this new model, the density change of the fuel during 

the transient is directly used in estimating the reactivity. Let the mesh size be 𝛥𝑧. Let 𝑓𝑖 and 𝜌𝑖  be 

the reactivity worth and fuel density at the 𝑖-th layer. The fuel axial expansion reactivity inside the 

fixed mesh (i.e. the nominal fuel length region) is evaluated with 

𝛥𝑅′ = ∑[𝜌𝑖(𝑡) − 𝜌𝑖
ss]

𝑁

𝑖=1

𝑓𝑖𝐴𝛥𝑧 
(3-6) 

where 𝜌𝑖  is temperature dependent during the transient. The reactivity contribution of the fuel 

beyond the fixed mesh is considered by 

𝛥𝑅∗ = 𝑓∗𝜌𝑁(𝑡)𝐴[𝐿′ − 𝐿] (3-7) 
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where 𝑓∗ is the value of fuel reactivity function beyond the fixed mesh, 𝜌𝑁(𝑡) is the density of the 

last layer of fuel, and 𝐿′ is the expanded fuel length during the transient. 𝐿′ is calculated from the 

fuel density change using mass conservation. The total fuel axial expansion reactivity is  

∆𝑅A(𝑡) = 𝛥𝑅′ + 𝛥𝑅∗ = ∑[𝜌𝑖(𝑡) − 𝜌𝑖
ss]

𝑁

𝑖=1

𝑓𝑖𝐴𝛥𝑧 + 𝑓∗𝜌𝑁(𝑡)𝐴[𝐿′(𝑡) − 𝐿]. (3-8) 

This new model avoids the assumption of linear thermal expansion by using directly the fuel 

density change with fuel temperature and is thus valid for liquid fuel. Additionally, the new model 

considers the reactivity contribution from the fuel expanded outside the nominal fuel length.  

Numerical tests are performed to compare the existing model (for solid fuel) and the new model 

(for liquid fuel).  The test cases are designed with the following conditions: 

• At the steady state, the fuel has a uniform temperature of 𝑇0 = 273.15 K. 

• At the transient time, the fuel density is 𝜌0 = 1458.3 kg/m3. 

• At the transient time, the fuel has a temperature increase of 𝛥𝑇 = 20 K. 

• The fuel linear thermal expansion coefficient is 𝛼 = 1.76 × 10−5 K−1. 

• The fuel area is 𝐴 = 3.14159 × 10−2 m2. 

• The fuel length is 𝐿0 = 0.8 m. 

• A total of 𝑁 = 20 layers are used in the uniform mesh. The mesh size is 𝛥𝑧 = 0.04m. 

 

Four separate tests are performed using different reactivity worth functions, shown in Figure 3-1. 

 

 

Figure 3-1. Normalized fuel reactivity worth profile at different axial layers for the numerical 

tests. 
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The test results are listed in Table 3-1. The thermal expansion in these tests are not significant, 

but the difference between the two models is observed. In practical simulations where the liquid 

fuel thermal expansion is significant, the new liquid fuel model is expected to treat the fuel axial 

expansion reactivity feedback more accurately.  

Table 3-1: Comparison of SAM fuel axial expansion reactivity feedback models for solid 

fuel and liquid fuel. 

Test No. Liquid fuel model Solid fuel model Relative Difference 

Test 1 -7.207 E-05 -7.209 E-05 3.52 E-04 

Test 2 -9.508 E-05 -9.454 E-05 -5.70 E-03 

Test 3 -4.065 E-05 -4.165 E-05 2.45 E-02 

Test 4 -1.020 E-04 -1.014 E-04 -5.04 E-03 

 

3.2 Decay Heat Implementation in SAM 

The decay heat model of the ANS standard, ANSI/ANS-5.1-2005 [15], was implemented in 

SAM firstly for flowing fuel applications (MSR) [16]. The ANS standard has four decay curves 

corresponding to U-235, U-238, Pu-239, and Pu-241 fission. The SAM decay heat model was 

extended for stationary fuel applications, utilizing the same ANS standard. All labels used in the 

equations implemented in SAM for the solid fuel decay heat calculation are listed in Table 3-2. 

Table 3-2: Description of notations used in equations. 

Term Unit Meaning 

fj(t) MeV/fission-s Decay power t seconds after a fission event from isotope  
𝑗. 

𝛼𝑖,𝑗 MeV/fission-s Tabulated data from ANS standard. 

𝜆𝑖,𝑗 s-1 Tabulated data from ANS standard. 

𝑃𝑑(𝑡) W Decay heat power 

𝑃𝑓(𝑡) W Prompt fission power 

𝑄𝑓 MeV/fission Prompt recoverable energy per fission 

𝐶1 J/MeV 𝐶1 = 1.602 × 10−13 

F(t) Fission/s Total fission rate F(t) =
𝑃𝑓(𝑡)

𝑄𝑓𝐶1
 

𝐻𝑖,𝑗(𝑡) J Amount of fictitious decay heat precursor 

𝛽𝑖,𝑗  𝛽𝑖,𝑗 =
𝛼𝑖,𝑗

𝜆𝑖,𝑗𝑄𝑓
 

𝑗  Index 𝑗 refers to the four isotopes (U-235, U-238, Pu-

239, Pu-241). 

 

In ANS standards, the decay heat power at time t for a fission event from isotope  
𝑗 occurring at time 0 is express as: 

𝑓𝑗(𝑡) =  ∑ 𝛼𝑖,𝑗𝑒−𝜆𝑖,𝑗𝑡

𝑖

. (3-9) 
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In which 𝛼𝑖,𝑗 and 𝜆𝑖,𝑗  are tabulated data from ANS standards. Then, the decay power can be 

expressed as: 

𝑃𝑑(𝑡) =  ∑ ∫
𝑃𝑓(𝑡′)

𝑄𝑓 𝐶1
𝐶1𝑓𝑗(𝑡 − 𝑡′)𝑑𝑡′

𝑡

−∞𝑗

, (3-10) 

with 𝑡 and 𝑡′ defined in Figure 3-2. 

 
Figure 3-2. Detailed time notation for decay heat modeling. 

 

The amount of decay heat precursor 𝐻𝑖,𝑗(𝑡) is defined as 

𝐻𝑖,𝑗(𝑡) =  ∫ 𝐹(𝑡′)𝐶1 (
𝛼𝑖,𝑗

𝜆𝑖,𝑗
) 𝑒−𝜆𝑖,𝑗(𝑡−𝑡′) 𝑑𝑡′

𝑡

−∞

 
(3-11) 

So that  

𝑃𝑑(𝑡) =  ∑ ∑ 𝜆𝑖,𝑗𝐻𝑖,𝑗(𝑡)

𝑖𝑗

 (3-12) 

For initial condition of decay heat precursors: 

𝐻𝑖,𝑗(𝑡 = 0) = ∫ 𝑃𝑓(𝑡′)𝛽𝑖,𝑗𝑒𝜆𝑖,𝑗𝑡′
 𝑑𝑡′

0

−∞

. 
(3-13) 

In the current implementation, 𝑃𝑓(𝑡′) is assumed to be constant before 𝑡 = 0, so 

𝐻𝑖,𝑗(0) =
𝑃𝑓(−∞)𝛽𝑖,𝑗

𝜆𝑖,𝑗
, 

(3-14) 

𝑃𝑑(0) = ∑ ∑ 𝑃𝑓(−∞)𝛽𝑖,𝑗

𝑖𝑗

. (3-15) 
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At a given time step 𝑡𝑘, we would have: 

𝐻𝑖,𝑗(𝑡𝑘 + Δ𝑡) = ∫ 𝑃𝑓(𝑡′)𝛽𝑖,𝑗𝑒−𝜆𝑖,𝑗(𝑡𝑘+Δ𝑡−𝑡′) 𝑑𝑡′
𝑡𝑘+Δ𝑡

−∞

 
(3-16) 

𝐻𝑖,𝑗(𝑡𝑘 + Δ𝑡) = ∫ 𝑃𝑓(𝑡′)𝛽𝑖,𝑗𝑒−𝜆𝑖,𝑗(𝑡𝑘+Δ𝑡−𝑡′) 𝑑𝑡′
𝑡𝑘

−∞

+ ∫ 𝑃𝑓(𝑡′)𝛽𝑖,𝑗𝑒−𝜆𝑖,𝑗(𝑡−𝑡′) 𝑑𝑡′
𝑡𝑘+Δ𝑡

𝑡𝑘

 
(3-17) 

𝐻𝑖,𝑗(𝑡𝑘 + Δ𝑡) = 𝐻𝑖,𝑗(𝑡𝑘)𝑒−𝜆𝑖,𝑗Δ𝑡 + ∫ 𝑃𝑓(𝑡′)𝛽𝑖,𝑗𝑒−𝜆𝑖,𝑗(𝑡−𝑡′) 𝑑𝑡′
𝑡𝑘+Δ𝑡

𝑡𝑘

 
(3-18) 

 

It is further assumed that 𝑃𝑓(𝑡′) is a 2nd-order polynomial function of 𝑡′ within Δ𝑡. The coefficients 

of the polynomial can be solved by polynomial fitting using the data from the two earlier time 

steps. Then, the integral can be analytically integrated.  

 

There are four tests developed to verify the decay heat implementation. A summary of the tests 

is given in Table 3-3. Test 3 is more complicated in the sense that the fission power is not a constant 

function over time. The fission power is solved by the point kinetic equation implemented in SAM, 

thus we selected special values for the parameters used in the point kinetic equation so that the 

fission power solution is a combination of exponential functions. In this case, the left hand of Eq. 

(3-11) can be analytically integrated.  

Table 3-3: Decay heat verification tests result summary. 
Test # 0 1 2 3 

Operating power 

(W) 
0 1.0E6 1.0E6 100.0 

𝑃𝑓(𝑡 > 0) (W) 
1001 02 02 Vary with 

time 

Fission fraction 100% U-235 100% U-235 100% Pu-239 100% U-235 

Analytical 

solution 
𝐻𝑖(𝑡)

=
100𝛽𝑖

𝜆𝑖

(1

− 𝑒−𝜆𝑖𝑡) 

𝐻𝑖(𝑡) = 𝐻𝑖(0)𝑒−𝜆𝑖𝑡 𝐻𝑖(𝑡) = 𝐻𝑖(0)𝑒−𝜆𝑖𝑡 -3 

Maximum 

relative error 
1.83x10-7 8.88x10-15 9.52x10-10 -3 

1. By setting the external reactivity of the point kinetic equation to zero. 

2. Point kinetic equation was not evoked. 

3. Test 3 is elaborated in the paragraphs following the table.  

 

For the point kinetic equations Eq. (3-1) and (3-2), we chose 𝜌 to be 0.1, 𝛽 to be 0.1, Λ to be 

1/60, and 𝜆 to be 1.0 (the subscript is dropped to indicate we only used 1 precursor group for this 

test case). Then, the point kinetic equations can be simplified as: 

𝑑𝑛

𝑑𝑡
= 𝐶 and 

𝑑𝐶

𝑑𝑡
= 6𝑛 − 𝐶. 

The two ODEs can be easily solved and yield the solution: 

𝑛(𝑡) = 𝐴𝑒−3𝑡 + 𝐵𝑒2𝑡 , 



FY20 SAM Code Developments and Validations for Transient Safety Analysis of Advanced non-LWRs 
September 2020 

 

ANL/NSE-20/50 14  
 

where the constant A and B can be obtained from the initial condition (n(0) = 100.0, C(0) = 0.0). 

The analytical solution for the decay heat is compared with the SAM solution in Figure 3-3. The 

difference between the solutions are presented in Figure 3-4. It was observed that the difference is 

~10% at the initial time step and drops down quickly after a few time steps. This is caused by the 

representation of decay heat as a post-processor. The decay heat post processor is calculated at the 

beginning of each time step. As a result of this, it does not have the information regarding to the 

fission power at the current time step. The difference is the most significant for decay heat at the 

initial time step. As the decay heat builds up, the difference becomes negligible since the decay is 

a cumulative quantity that depends on the time from the start to the current time step, i.e., the 

difference from the initial time step is smeared out. 

 
Figure 3-3. Test 3 decay heat from analytical and SAM solutions. 

 
Figure 3-4. Relative difference between the analytical and SAM solutions for Test 3. 
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4 Control and Trip System Modeling 

The capability to simulate the industrial control and trip systems is essential to a modern 

nuclear system analysis software, as the control and trip systems play a fundamental role in the 

nuclear power plant. The SAM control and trip systems are aimed to provide the capability to 

simulate the control and trip systems typically used in hydrodynamic systems. The control system 

is used to perform the evaluation of algebraic and simple ordinary differential equations (e.g. 

integration and differentiation); while the trip system is used to perform the evaluation of logical 

statements. 

4.1 General design feature 

The control and trip systems are developed based on the GeneralUserObject of MOOSE. The 

hierarchy of classes of control and trip systems model is shown in Figure 4-1, where the control 

and trip components are implemented as ControlSystem and TripSystem classes, respectively.  

They are derived from a common parent class CTGeneric which handles generic functions of the 

two type of components including the interface obtaining input signals, execution steps, and input 

processing.  

 There are several classes further derived from ControlSystem such as CSAddition, CSDivision, 

and others, each representing a control component performing a specific operation.  Table 4-1 lists 

the operations that the control components perform, where 𝑌 represents output, 𝑉 represents 

inputs, and other parameters represents constants. Similarly, there are three classes TSBoolean, 

TSComparison, and TSDelay derived from TripSystem, representing the trip components 

performing Boolean operations, comparison, and delay respectively.  Table 4-2 lists the operations 

that the trip components perform, where 𝑇𝑟 represents trip signal, V represents input control signal, 

and 𝑂𝑃 represents operation.  For the trip components, TSBoolean and TSComparison are 

implemented to allow latched or unlatched trip signal.  For a latched component, the output is set 

only at the first time when the trip condition is met, and it does not reset the trip component if the 

condition is not met later.  For unlatched component, it sets or resets the output whenever the 

condition is met or isn’t met.  

Users can build a control or trip system diagram flexibly by connecting the components.  To 

connect two control and trip components, the input to the downstream component must be the 

name of the upstream component, and the type of the input must be ControlSystem or TripSystem. 

When the value of the downstream component is evaluated, it will first try to obtain the values of 

the upstream components. The evaluation process propagates from the downstream to the upstream 

until the entire diagram is evaluated. In fact, the control and trip models also allow users to specify 

types of inputs other than ControlSystem and TripSystem, such as function, constant, scalar 

variables, or postprocessor. However, these types are supposed to be used for the inputs of 

components which are not connected to any upstream control or trip components but are provided 

by either users or other SAM models.   

Control and trip system models are implemented as GeneralUserObject, which are executed 

only once at the end of the time step.  Such an implementation decouples the models from the rest 

of SAM iterations, i.e., the outputs of control and trip systems depend on the users inputs or 

variables of other SAM models such as pressures and temperatures at the previous time step, but 

they do not change during the iterations of the current time step. The coupled system, depending 

on the transfer functions of the system and designs of the control and trip, can be unstable. The 
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implementation is intended to avoid non-convergence associated with the potential instability 

when both control and trip variables and those of other SAM models are changing at the same 

time. It is also computationally inexpensive because the models are executed only once per time 

step.   

 
Figure 4-1. Hierarchy of classes for control and trip system models. 
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Table 4-1: Operations of control components  
t Name Operation 

1 CSAddition 𝒀 = 𝑺(𝑨𝟎 + ∑ 𝑨𝒊𝑽𝒊
𝑵
𝒊=𝟏 )  

2 CSDelay 𝒀 = 𝑺𝑽𝟏(𝒕 − 𝒕𝒅) , where t is time, and 𝒕𝒅 is the delay time 

3 CSDifferentiation 𝒀 = 𝑺 𝒅𝑽𝟏/𝒅𝒕  

4 CSDivision 𝒀 =
𝑺

𝑽𝟏
, or 𝑺

𝑽𝟐

𝑽𝟏
 

5 CSExponentiation 𝒀 = 𝑺𝑽𝟏
𝒙, or 𝑺𝑽𝟏

𝑽𝟐, where 𝒙 is a constant exponent 

6 CSIntegration 𝒀 = 𝑺 ∫ 𝑽𝟏𝒅𝒕
𝒕

𝒕𝟎
  

7 CSLeadLag 𝒀 + 𝑨𝟐
𝒅𝒀

𝒅𝒕
= 𝑺(𝑽𝟏 +

𝑨𝟏𝒅𝑽𝟏

𝒅𝒕
)  with 𝑨𝟐𝒀(𝟎) = 𝑺𝑨𝟏𝑽𝟏(𝟎)   

8 CSMultiplication 𝒀 = 𝑺 ∏ 𝑽𝒊
𝑵
𝒊=𝟏   

9 CSProportion-

Integration 
𝒀 = 𝑺 (𝑨𝟏𝑽𝟏 + 𝑨𝟐 ∫ 𝑽𝟏𝒅𝒕

𝒕

𝒕𝟎
)  

10 CSSTDFunction 𝒀 = 𝑺 𝑭(𝑽𝟏, 𝑽𝟐, … ) where 𝑭 is mathematic function including sin(𝑽𝟏), 

cos(𝑽𝟏), tan(𝑽𝟏), sinh(𝑽𝟏), cosh(𝑽𝟏), tanh(𝑽𝟏), |𝑽𝟏|, ln(𝑽𝟏), exp(𝑽𝟏), 

√𝑽𝟏, min(𝑽𝟏, 𝑽𝟐, … ), and max(𝑽𝟏, 𝑽𝟐, … ) 

11 CSUnitTrip 𝒀 = 𝑺𝑼(±𝒕𝒓), where 𝒕𝒓 is a trip signal.  The “-“ sign represents 

complement of the signal.  𝑼 takes value of 0 if the trip signal is false, and 

1 if the trip signal is true  

 

Table 4-2: Operations of trip components.  
Index Name Operation 

1 TSCompare 𝑻𝒓 = 𝑽𝟏 𝐎𝐏 (𝑽𝟐 + 𝑪), where OP is one of the operations of EQ (equal), NE 

(not equal), GT (greater than), GE (greater than or equal), LT (less than) and LE 

(less than or equal).    

2 TSBoolean 𝑻𝒓 = 𝑻𝒓,𝟏 𝐎𝐏 𝑻𝒓,𝟐, where OP is one of the Boolean operations of AND, OR 

NAND (not-and), NOR (not-or), XOR (exclusive or), XNOR (exclusive NOR), 

and NOT (complement).  For NOT, the second input is not required. 

3 TSDelay 𝑻𝒓 = 𝑻𝒓,𝟏(𝒕 − 𝒕𝒅), where t is time and 𝒕𝒅 is the delay time   

 

4.2 Testing 

A number of verification tests are developed for the control and trip system models.  The 

purposes of the these tests are to ensure the control and trip component models are correctly 

implemented, and the performances of the models are reasonable. A few of those tests are briefly 

discussed here.  

4.2.1 Case 1: Component test 

An ad-hoc example control/trip system is created to verify control/trip system design. The 

purpose of this test is to examine whether the functions of the control and trip components are 

correctly implemented.  Figure 4-2 shows the diagram of the test which includes 11 components 

covering the majority of control and trip components currently implemented.  Table 4-3 lists the 

parameters, inputs and expected outputs of each components.  SAM results of final outputs 𝑦1 and 

𝑦2  and each components are compared with the expected values in Figure 4-3 and Figure 4-4, and 
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they match each other closely. This indicates that the component models are correctly 

implemented. 

 
Figure 4-2. Diagram for test case 1: component test. 

Table 4-3: Components in the test case 1. 
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Figure 4-3. Comparisons of outputs 𝑦1 and 𝑦2 for case 1: component test. 

 
Figure 4-4. Comparisons of values of each component for case 1: component test. 

4.2.2 Case 2: Mass flow controller 

The purpose of this test is to demonstrate the capabilities and performances of control and trip 

models through an example of mass flow rate controller.  In this test, a core channel is modeled 

with a cylindrical fuel pin and liquid metal coolant.  Constant 30 kW of power is generated in the 

fuel and transferred to the coolant.  The temperature at the inlet of the core channel is held constant, 

but the inlet velocity is varying.  Figure 4-5 shows the diagram for this test, which includes one 

proportional-integration controller for the inlet velocity. The input of the controller is the 

difference between the outlet temperature of the core channel and a user-specified outlet 

temperature.  The output of the controller is added to a constant velocity specified by users to 
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control the inlet velocity of the core channel. In this example, if the temperature is different 

between the outlet temperature and the specified outlet temperature, the controller will increase or 

decrease the inlet velocity accordingly so that the outlet temperature follows the specified outlet 

temperature. Figure 4-6  shows the observed outlet temperature follows the specified outlet 

temperature reasonably well. The code runs smoothly without evident slowing down due to non-

convergence or instability.  

 

Figure 4-5. Diagram for test case 2: mass flow controller. 

 
Figure 4-6. Comparison of outlet temperature and specified temperature for test case 2: mass 

flow controller. 

4.2.3 Case 3: Reactivity controller 

The purpose of this test is to demonstrate the capabilities and performances of control and trip 

models through an example of reactivity controller.  In this test, a core channel is simulated with 

point kinetics model.  A control system is built to control the reactor power in the core channel 

through external reactivity imposed to the point kinetics model.  Figure 4-7 shows the control 

diagram for this test, which has one proportional-integration controller.  The input of the controller 

is the difference between the reactor power and a user-specified power. The output of the controller 

is subtracted by the total reactivity feedback and imposed as the external reactivity to control the 

power. In this test, if the power is different from the specified power, a net reactivity will be 

inserted or extracted from the core accordingly, and the point kinetics model drives the power to 
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follow the specified power. Figure 4-8 shows that the reactor power follows the specified power 

reasonably well. The code runs smoothly without evident slowing down due to non-convergence 

or instability.  

 
Figure 4-7. Diagram for test case 3: reactivity controller. 

 
Figure 4-8. Comparison of reactor fission power and specified power for test case 3: reactivity 

controller. 
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5 Fluid and Solid Property Model Updates 

The material property models are required to close the governing fluid flow and heat 

conduction equations. The dependency of fluid properties and their partial derivatives on the state 

variables (pressure and temperature) are implemented in the SAM Equation of State (EOS) model. 

A number of fluid properties, such as sodium, air, salts like FLiBe and FLiNaK, have been 

implemented in SAM. Leveraging the molten salt reactor thermophysical properties database that 

is under development in DOE-NE’s Advanced Reactor Technology Molten Salt Reactor 

Campaign, additional molten salt property models have been implemented in SAM in FY20.  

Additionally, lead, lead-bismuth eutectic alloy, and several commonly used fuel and cladding 

material properties were recently implemented in SAM.   

5.1 Salt Properties and Equation-of-State 

5.1.1 Pure Salt Property Modeling 

In the Molten Salt Thermophysical Properties Database [17] under development, temperature 

dependent correlations for density, viscosity, thermal conductivity, and heat capacity are 

presented. These correlations are proposed for 27 different pure salts. Out of these 27 salts, 10 of 

these correlations were complete enough to be included in SAM. The 10 salts and their 

thermophysical correlations are shown below: 

 

LiF (temperature in K): 

 𝜌 = 1000 ∙ (2.4 − 0.00049 ∙ 𝑇)    (
kg

m3) 

𝜇 = 0.001 ∙ (0.18 ∙ 𝑒
22000

8.3145∙𝑇)    (
kg

m ∙ s
) 

𝑐𝑝 = 2467.289   (
J

kg ∙ K
) 

𝑘 = 1.4    (
W

m∙K
)  

(5-1) 

 

NaF (temperature in K): 

𝜌 = 1000 ∙ (2.8 − 0.00064 ∙ 𝑇)    (
kg

m3)  

𝜇 = 0.001 ∙ (0.12 ∙ 𝑒
26000

8.3145∙𝑇  )   (
kg

m ∙ s
) 

𝑐𝑝 = 1667.13    (
J

kg ∙ K
) 

𝑘 = 0.9    (
W

m∙K
)   

(5-2) 

 

KF (temperature in K): 

𝜌 = 1000 ∙ (2.6 − 0.00065 ∙ 𝑇)    (
kg

m3)  

𝜇 = 0.001 ∙ (0.11 ∙ 𝑒
24000

8.3145∙𝑇 )   (
kg

m ∙ s
) 

𝑐𝑝 = 1239.313    (
J

kg ∙ K
) 

𝑘 = 0.57    (
W

m ∙ K
)  

 

(5-3) 
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BeF2 (temperature in K): 

𝜌 = 1000 ∙ (2.0 − 0.000015 ∙ 𝑇)    (
kg

m3)  

𝜇 = 0.001 ∙ (3 ∙ 10−7 ∙ 𝑒
240000

8.3145∙𝑇  )   (
kg

m ∙ s
) 

𝑐𝑝 = (10 − 0.0015 ∙ 𝑇 − 1.6 ∙ 107 ∙ 𝑇−2 + 3.0 ∙ 10−9 ∙ 𝑇2)/(0.047)   (
J

kg ∙ K
) 

𝑘 = 0.8    (
W

m ∙ K
)  

 

(5-4) 

 

LiCl (temperature in K): 

𝜌 = 1000 ∙ (1.9 − 0.00043 ∙ 𝑇)    (
kg

m3)  

𝜇 = 0.001 ∙ (0.11 ∙ 𝑒
19000

8.3145∙𝑇  )   (
kg

m ∙ s
) 

𝑐𝑝 = 1486.059    (
J

kg ∙ K
) 

𝑘 = 0.73    (
W

m ∙ K
)  

 

(5-5) 

 

NaCl (temperature in K): 

𝜌 = 1000 ∙ (2.1 − 0.00054 ∙ 𝑇)    (
kg

m3)  

𝜇 = 0.001 ∙ (0.089 ∙ 𝑒
22000

8.3145∙𝑇 )   (
kg

m ∙ s
) 

𝑐𝑝 = 1163.530    (
J

kg ∙ K
) 

𝑘 = 0.49    (
W

m∙K
)   

(5-6) 

 

KCl (temperature in K): 

𝜌 = 1000 ∙ (2.4 − 0.00049 ∙ 𝑇)    (
kg

m3)  

𝜇 = 0.001 ∙ (0.062 ∙ 𝑒
25000

8.3145∙𝑇 )   (
kg

m ∙ s
) 

𝑐𝑝 = 992.605   (
J

kg ∙ K
) 

𝑘 = 0.74   (
W

m ∙ K
)  

 

(5-7) 
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MgCl2 (temperature in K): 

𝜌 = 1000 ∙ (2.0 − 0.00027 ∙ 𝑇)    (
kg

m3)  

𝜇 = 0.001 ∙ (0.18 ∙ 𝑒
21000

8.3145∙𝑇 )   (
kg

m ∙ s
) 

𝑐𝑝 = (92 − 2 ∙ 10−6 ∙ 𝑇 + 5.9 ∙ 106 ∙ 𝑇−2 )/(0.095211)   (
J

kg ∙ K
) 

𝑘 = 0.2    (
W

m ∙ K
)  

 

(5-8) 

 

CaCl2 (temperature in K): 

𝜌 = 1000 ∙ (2.5 − 0.00042 ∙ 𝑇)    (
kg

m3)  

𝜇 = 0.001 ∙ (0.1 ∙ 𝑒
30000

8.3145∙𝑇 )   (
kg

m ∙ s
) 

𝑐𝑝 = 901.031     (
J

kg ∙ K
) 

𝑘 = 0.45    (
W

m∙K
)   

(5-9) 

 

SrCl2 (temperature in K): 

𝜌 = 1000 ∙ (3.4 − 0.00058 ∙ 𝑇)    (
kg

m3)  

𝜇 = 0.001 ∙ (0.096 ∙ 𝑒
35000

8.3145∙𝑇)    (
kg

m ∙ s
) 

𝑐𝑝 = 630.811  (
J

kg ∙ K
) 

𝑘 = 0.38   (
W

m∙K
)  

(5-10) 

 

5.1.2 Mixed Salt Property Modeling 

In the Molten Salt Thermophysical Properties Database, there are temperature dependent 

correlations for density, viscosity, thermal conductivity, and heat capacity for different salt 

mixtures. Correlations are set up for 36 different mixed salts, although almost all of them are 

incomplete. Future work will be needed to have more complete correlations. Of the mixed salts, it 

was determined that one (LiF-NaF-KF) was complete enough to be included in SAM. For this 

mixed salt, the density correlation has an uncertainty of 2%, the viscosity correlation has an 

uncertainty of 2%, the heat capacity correlation has an uncertainty of 10%, and the thermal 

conductivity correlation has an uncertainty of 5%. Note the LiF-NaF-KF correlations in the 

database are slightly different from those of FLiNaK that was previously implemented in SAM. 

Both set of models are available in SAM now. 
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LiF-NaF-KF (temperature in K): 
𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝑀𝑜𝑙𝑒 %): 0.465 − 0.115 − 0.42 

𝜌 = 1000 ∙ (2.6 − 0.00062 ∙ 𝑇)    (
kg

m3) , 940 < 𝑇 < 1170 

𝜇 = 0.001 ∙ (0.025 ∙ 𝑒
4500

8.3145∙𝑇)   (
kg

m
∙ s) , 770 < 𝑇 < 970 

𝑐𝑝 = (980 + 1.1 ∙ 𝑇)/(0.126)    (
J

kg ∙ K
) 

𝑘 = 0.36 − 0.00056 ∙ 𝑇    (
W

m ∙ K
) , 790 < 𝑇 < 1080  

 

(5-11) 

 

5.1.3 MSRE Fuel Property Modeling 

Fission product data for numerous and varied samples taken during the Molten Salt Reactor 

Experiment (MSRE) was compiled and reported in an MSRE report [18]. This includes physical 

properties of the MSRE fuel salt used in the experiment. The temperature dependent models of the 

MSRE fuel salt that were reported are implemented into SAM. The MSRE fuel salt contains LiF, 

BeF2, ZrF4, UF4, Cr, Fe, Ni. For this MSRE fuel, the temperature correlations that are currently 

implemented in SAM are shown below: 

𝜌 = 1000 ∙ (2.575 − 0.000513 ∙ (𝑇 − 273.15))    (
kg

m3) , ±1% Precision   

𝜇 = 0.001 ∙ (0.116 ∙ 𝑒
3755

𝑇 )   (
kg

m
∙ s) , ±7% Precision 

𝑐𝑝 = 2386.47  (
J

kg ∙ K
) , ±3% Precision 

𝑘 = 0.01    (
W

m ∙ K
) , ±10% Precision  

 

(5-12) 

 

5.2 Liquid Metal Property Modeling 

The Handbook on Lead-bismuth Eutectic Alloy and Lead Properties, Materials Compatibility, 

Thermal-hydraulics and Technologies [19] contains comprehensive temperature dependent 

property models on density, viscosity, heat capacity, thermal conductivity, and enthalpy. The 

recommended temperature dependent correlations of lead, bismuth, and LBE are implemented in 

SAM. The relative precision and uncertainty vary depending on which other available models 

these correlations are compared to. For density, the deviation of the lead model does not exceed 

2%, the deviation of the bismuth model does not exceed 1.3%, and the deviation of lead-bismuth 

eutectic does not exceed 0.8%. For viscosity, the estimated uncertainty of the lead model is 5%, 

the deviation of the bismuth model does not exceed 5%, and the deviation of lead-bismuth eutectic 

does not exceed 8%. For heat capacity, the maximum deviation from accepted models is 10%, the 

deviation of the bismuth model does not exceed 2%, and the deviation of lead-bismuth eutectic 

does not exceed 5%. For thermal conductivity, the estimated uncertainty is 15% for lead, 15%, for 

bismuth, and the deviation of lead-bismuth eutectic from accepted models does not exceed 15%. 

The correlations implemented in SAM are shown below: 
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Lead (temperature in K): 

 𝜌 = 11441 − 1.2795 ∙ 𝑇   (
kg

m3) 

𝜇 = 4.55 ∙ 10−4  ∙ 𝑒
1069

𝑇   (
kg

m
∙ s) , 600.6 < 𝑇 < 1473  

𝑐𝑝 = 176.2 − 4.923 ∙ 10−2 ∙ 𝑇 + 1.544 ∙ 10−5 ∙ 𝑇2 − 1.524 ∙ 106 ∙ 𝑇−2  (
J

kg ∙ K
) , 600.6 < 𝑇 < 2021 

𝑘 = 9.2 + 0.011 ∙ 𝑇    (
W

m ∙ K
) , 600.6 < 𝑇 < 1300  

 

∆ℎ = 176.2 ∙ (𝑇 − 𝑇𝑚) − 2.4616 ∙ 10−2 ∙ (𝑇2 − 𝑇𝑚
2 ) + 5.147 ∙ 10−6 ∙ (𝑇3 − 𝑇𝑚

3 ) + 1.524 ∙ 106

∙ (𝑇−1 − 𝑇𝑚
−1)     (

J

kg
) 

 

Bismuth (temperature in K): 

 𝜌 = 10725 − 1.22 ∙ 𝑇   (
kg

m3) 

𝜇 = 4.456 ∙ 10−4  ∙ 𝑒
780

𝑇   (
kg

m
∙ s) , 544.6 < 𝑇 < 1300 

𝑐𝑝 = 118.2 + 5.934 ∙ 10−3 ∙ 𝑇 + 7.183 ∙ 106 ∙ 𝑇−2     (
J

kg∙K
) ,   544.6 < T < 1831  

𝑘 = 7.34 + 9.5 ∙ 10−3 ∙ 𝑇    (
W

m ∙ K
) , 544.6 < 𝑇 < 1000 

∆ℎ = 118.2 ∙ (𝑇 − 𝑇𝑚) − 2.967 ∙ 10−3 ∙ (𝑇2 − 𝑇𝑚
2 ) − 7.183 ∙ 106 ∙ (𝑇−1 − 𝑇𝑚

−1)     (
J

kg
) 

 

Lead-Bismuth Eutectic (temperature in K): 

 𝜌 = 11065 − 1.293 ∙ 𝑇   (
kg

m3) 

𝜇 = 4.94 ∙ 10−4  ∙ 𝑒
754.1

𝑇   (
kg

m
∙ s) , 400 < 𝑇 < 1173 

𝑐𝑝 = 164.8 − 3.94 ∙ 10−2 ∙ 𝑇 + 1.25 ∙ 10−5 ∙ 𝑇2 − 4.56 ∙ 105 ∙ 𝑇−2     (
J

kg ∙ K
) , 400 < 𝑇 < 1100 

𝑘 = 3.284 + 1.617 ∙ 10−2 ∙ 𝑇 − 2.305 ∙ 10−6 ∙ 𝑇2    (
W

m ∙ K
)  

∆ℎ = 164.8 ∙ (𝑇 − 𝑇𝑚) − 1.97 ∙ 10−2 ∙ (𝑇2 − 𝑇𝑚
2 ) + 4.167 ∙ 10−6 ∙ (𝑇3 − 𝑇𝑚

3 ) + 4.56 ∙ 105

∙ (𝑇−1 − 𝑇𝑚
−1)     (

J

kg
) 

 

5.3 Solid Properties 

SAM provides users with the option to manually input temperature-dependent solid property 

models that can be used in simulation. This user option is maintained, but a material library 

containing correlations for solid properties was implemented. This library will be expanded in the 

future to provide improved user experience. 

5.3.1 Clad Property Modeling 

Currently, two different types of stainless steels, HT9 and D9, are implemented in SAM. 

Correlations for specific heat, thermal expansion, density and thermal conductivity were taken 

from references [20], [21], and [22]. These correlations are shown below. 
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HT9 (temperature in K): 

𝑐𝑝 =
1

6
(𝑇 − 227) + 500    (

J

kg ∙ K
) , 𝑇 < 527 ℃ 

𝑐𝑝 =
3

5
(𝑇 − 527) + 550    (

J

kg ∙ K
) , 𝑇 > 527 ℃ 

𝛼 =
−0.2191 + 5.678 ∙ 10−4 ∙ 𝑇 + 8.111 ∙ 10−7 ∙ 𝑇2 − 2.576 ∙ 10−10 ∙ 𝑇3

100
(K−1) 

𝜌 =
7800

1 + 3𝛼
   (

kg

m3) 

𝑘 = 17.622 + 2.428 ∙ 10−2 ∙ 𝑇 − 1.696 ∙ 10−5 ∙ 𝑇2    (
W

m ∙ K
) , 500 𝐾 < 𝑇 < 1030 𝐾 

𝑘 = 12.027 + 1.218 ∙ 10−2 ∙ 𝑇   (
W

m ∙ K
) , 1030 𝐾 < 𝑇 < 1200 𝐾 

 

D9 (temperature in K): 

𝑐𝑝 = 431 + 17.7 ∙ 10−2 ∙ 𝑇 + 8.72 ∙ 10−5/𝑇2    (
J

kg ∙ K
), 

𝛼 =
−0.4247 + 1.282 ∙ 10−3 ∙ 𝑇 + 7.362 ∙ 10−7 ∙ 𝑇2 − 2.069 ∙ 10−10 ∙ 𝑇3

100
(K−1) 

𝜌 =
7800

1 + 3𝛼
   (

kg

m3
) 

𝑘 = 7.598 + 2.391 ∙ 10−2 ∙ 𝑇 − 8.899 ∙ 10−6 ∙ 𝑇2    (
W

m ∙ K
) , 500 𝐾 < 𝑇 < 1030 𝐾 

𝑘 = 7.260 + 1.509 ∙ 10−2 ∙ 𝑇   (
W

m ∙ K
) , 1030 𝐾 < 𝑇 < 1200 𝐾 

 

5.3.2 Fuel Property Modeling 

Thermal physical properties of a few fuel types, i.e. UO2, MOX, U-Pu-Zr, are also 

implemented in SAM for user friendliness. The irradiated thermal conductivity for UO2 and MOX 

are also provided. The correlations taken from references [23]-[29] were combined to allow for 

complete density, thermal conductivity, and heat capacity correlations. In the table below, the 

coefficients used for the heat capacity calculations of UO2 and MOX are provided.  

 

Table 5-1: Constants Used in Heat Capacity Correlations for UO2 and MOX. 

Constant UO2 MOX Units 

C1 302.27 322.49 J/kg/K 

C2 8.463 ∙ 10−3 1.4679 ∙ 10−2 J/kg/K2 

C3 8.741 ∙ 107 0 J/kg 
𝜃 548.68 587.41 K 

Ea 18531.7 0 K 
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UO2  (temperature in K): 

 

𝜌𝑓 =
10970

1 + 2.04 ∙ 10−5(𝑇 − 273)  +  8.79 ∙ 10−2(𝑇 − 273)2   (
kg

m3) ,    𝑇 < 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 

𝜌𝑓 =
𝜌𝑓−𝑠𝑜𝑙𝑖𝑑𝑢𝑠

1 + 0.07338
𝑇 − 𝑇𝑠𝑜𝑙

𝑇𝑙𝑖𝑞 − 𝑇𝑠𝑜𝑙

  (
kg

m3),   𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 < 𝑇 < 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠  

𝜌𝑓 =
𝜌𝑓−𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠

1 +
0.9285(𝑇 − 𝑇𝑙𝑖𝑞)

8860 − 0.9285(𝑇 − 𝑇𝑙𝑖𝑞)

  (
kg

m3) ,   𝑇 >  𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 

𝑐𝑝 = 𝐶1(𝜃/𝑇)2  ∙
exp (

𝜃
𝑇)

[exp (
𝜃
𝑇) − 1]

2 + 2𝐶2𝑇 +  𝐶3𝐸𝑎exp (−𝐸𝑎/𝑇)𝑇2  (
J

kg ∙ K
) 

𝑘0 = (0.06059 + 0.2754√2 −
𝑂

𝑀
+ 2.011 ∙ 10−4 ∙ 𝑇)−1 +

4.715 ∙ 109

𝑇2 exp (
−16361

𝑇
) + 0.2  (

W

m ∙ K
)  

 

MOX (temperature in K): 

 

𝜌𝑓 =
11460

1 + 2.04 ∙ 10−5(𝑇 − 273)  +  8.79 ∙ 10−2(𝑇 − 273)2
  (

kg

m3
) ,    𝑇 < 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 

𝜌𝑓 =
𝜌𝑓−𝑠𝑜𝑙𝑖𝑑𝑢𝑠

1 + 0.07338
𝑇 − 𝑇𝑠𝑜𝑙

𝑇𝑙𝑖𝑞 − 𝑇𝑠𝑜𝑙

  (
kg

m3),   𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 < 𝑇 < 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠  

𝜌𝑓 =
𝜌𝑓−𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠

1 +
0.9285(𝑇 − 𝑇𝑙𝑖𝑞)

8860 − 0.9285(𝑇 − 𝑇𝑙𝑖𝑞)

  (
kg

m3) ,   𝑇 >  𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 

𝑐𝑝 = 𝐶1(𝜃/𝑇)2  ∙
exp (

𝜃
𝑇)

[exp (
𝜃
𝑇) − 1]

2 + 2𝐶2𝑇 +  𝐶3𝐸𝑎exp (−𝐸𝑎/𝑇)𝑇2  (
J

kg ∙ K
) 

𝑘0 = (0.06059 + 0.2754√2 −
𝑂

𝑀
+ 2.011 ∙ 10−4 ∙ 𝑇)−1 +

4.715 ∙ 109

𝑇2 exp (
−16361

𝑇
)  (

W

m ∙ K
)  

 

U-Pu-Zr (temperature in K): 

 

 𝜌 = (
𝑊𝑍𝑟

6500
+

𝑊𝑈𝑃𝑢

19000
) −1 ∙ (1 − 𝑃 − 0.015 ∙ 𝐵𝑢)/(1 + 6 ∙ 10−5(𝑇 − 293.15)) (

kg

m3) 

𝑐𝑝1 = 26.58 +  
0.027

𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠
𝑇 (

J

kg ∙ K
) , 𝑇 < 868.15 𝐾 = 𝑇1 

𝑐𝑝2 = 15.84 +  
0.026

𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠
𝑇 (

J

kg ∙ K
) , 868.15 𝐾 < 𝑇 < 923.15 𝐾 = 𝑇2 

𝑐𝑝3 = 𝑐𝑝1 +  
𝑐𝑝2 − 𝑐𝑝1

𝑇2 − 𝑇1
(𝑇 − 𝑇1) (

J

kg ∙ K
) , 𝑇 > 923.15 𝐾 
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𝑘 = 𝑎 + 𝑏𝑇 + 𝑐𝑇2 (
W

m ∙ K
) 

𝑎 = 17.5 ∙ (
1 − 2.23𝑊𝑍𝑟

1 + 1.61𝑊𝑍𝑟
− 2.62𝑊𝑃𝑢) 

𝑏 = 1.54 ∙ 10−2 ∙ (
1 + 0.061𝑊𝑍𝑟

1 + 1.61𝑊𝑍𝑟
+ 0.9𝑊𝑃𝑢) 

𝑐 = 9.38 ∙ 10−6 ∙ (1 − 2.7𝑊𝑃𝑢) 
 

Irradiated UO2  (temperature in K): 

 

𝑘 = 𝑘0  ∙  𝐹1 ∙  𝐹2 ∙  𝐹3 ∙  𝐹4 (
W

m ∙ K
)  

𝐹1 = (
1.09

𝐵𝑢3.265 +
0.0643

𝐵𝑢0.5 𝑇0.5)arctan ((
1.09

𝐵𝑢3.265 +
0.0643

𝐵𝑢0.5𝑇0.5)−1) 

𝐹2 = 1 +  
0.019𝐵𝑢

(3 − 0.019𝐵𝑢)(1 + exp (
𝑇 − 1200

−100 ))
 

𝐹3 = 1 −
0.2

1 + exp (
𝑇 − 900

80 )
 

𝐹4 = 1 − 2.5𝑃,    𝑃 < 0.1 

𝐹4 =
1 − 𝑃

1 + 2𝑃
,    𝑃 ≥ 0.1 

 

Irradiated MOX (temperature in K): 

 

𝑘 = 𝑘0  ∙  𝐹1 ∙  𝐹2 ∙  𝐹3 ∙  𝐹4 (
W

m ∙ K
)  

𝐹1 = (
1.09

𝐵𝑢3.265 +
0.0643

𝐵𝑢0.5 𝑇0.5)arctan ((
1.09

𝐵𝑢3.265 +
0.0643

𝐵𝑢0.5𝑇0.5)−1) 

𝐹2 = 1 +  
0.019𝐵𝑢

(3 − 0.019𝐵𝑢)(1 + exp (
𝑇 − 1200

−100 ))
 

𝐹3 = 1 −
0.2

1 + exp (
𝑇 − 900

80 )
 

𝐹4 = 1 − 2.5𝑃,    𝑃 < 0.1 

𝐹4 =
1 − 𝑃

1 + 2𝑃
,    𝑃 ≥ 0.1 
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6 Code Validation Efforts 

SAM utilizes the application- and validation-driven code development approach. The code is 

being applied each year to selected demonstration or validation problems where the physics and 

scales of the problem may expand or increase with complexity in successive years. These 

validations lead up to the continuous assessment of the code capabilities and performance for a 

wide range of advanced reactor applications. Code validation activities in FY20 include using test 

data from the Fast Flux Test Facility (FFTF), the High Temperature Test Facility (HTTF), and 

several separate effects test facilities for pebble-bed modeling. A brief summary of these validation 

efforts is presented in this Section, while details have been summarized in earlier reports in FY20.  

6.1 Code Validation using FFTF Test Data 

The Fast Flux Test Facility (FFTF) was a 400 MW thermal powered, oxide-fueled, liquid 

sodium cooled test reactor, built to assist development and testing of advanced fuels and materials 

for fast breeder reactors. In July 1986, a series of unprotected Loss of Flow Without Scram 

(LOFWOS) transients were performed in FFTF as part of the Passive Safety Testing (PST) 

program. The LOFWOS Test #13, which was initiated at 50% power and 100% flow with the 

pump pony motors left off, has been chosen as a benchmark case by IAEA to support collaborative 

efforts within international partnerships on the validation of simulation tools and models in the 

area of sodium fast reactor passive safety in an IAEA Coordinated Research Project (CRP), 

launched in October 2018.  

To participate the IAEA CRP and enhance the SAM validation base for advanced reactor 

transient safety analysis, benchmark simulations of the FFTF LOFWOS Test #13 are performed 

using the SAM code. In this first phase of the validation effort, the thermal-hydraulic behavior of 

the reactor system is the focus and the reactor kinetics is not considered in the SAM FFTF model. 

Instead, the results of Argonne’s neutronics calculations are directly used, including the power 

shape of the active core region and the power history during the transient. The simulation results 

of FFTF at steady state agreed well with the measured data from the test. During the transient, 

reasonably good agreement was also obtained, including the mass flow rate of the primary loop, 

cold leg and hot leg temperature of primary and secondary loops. The maximum difference of 

temperature between model prediction and measurements is about 10 K, while the mass flow rate 

maximum difference is less than 5%. Future work to improve the model will focus on introducing 

the reactivity predictions into the model, as well as better understanding or resolving the current 

discrepancies with the measured data. The details of the SAM code validation using FFTF test data 

can be found in Ref. [30]. 

6.2 Code Validation using HTTF Test Data 

The High Temperature Test Facility (HTTF) at Oregon State University was designed to 

examine the performance of High Temperature Gas-Cooled Reactors (HTGRs) during steady-state 

and transient operations. Previously, SAM has been used to model the thermal hydraulic behavior 

in the General Atomic’s MHTGR design [31]. The test campaign at HTTF provides a valuable 

opportunity to utilize SAM to model an integral effect facility and to assess and improve its 

modeling approach – the ring model – of a prismatic block core MHTGR design. In this validation 

study, a similar ring model has been developed to simulate the HTTF with 50 concentric cylindrical 

rings which cover all in-vessel components as well as ex-vessel RCCS. Steady state calculations 

for full power were performed and the results agreed well with those obtained from RELAP5-3D 
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and STAR-CCM+. Benchmarking of the first major test – Test PG-26 – in HTTF was carried out. 

There were some unexpected challenges in the operation of the test and so it provides only limited 

validation value to compare SAM simulations with test data. Nevertheless, this initial 

benchmarking effort provides much insight as well as the needed setup for future benchmarking 

activities, particularly in mapping instrumentation locations to locations in the ring model. The 

details of the SAM code validation using HTTF test data can be found in Ref. [32]. 

6.3 Code Validation for pebble bed modeling 

To support system level safety analysis of HTGR and PB-FHR applications, correlations for 

effective thermal conductivity of pebble bed have been recently implemented in SAM. Currently, 

two correlations have been selected and implemented in SAM, i.e., the ZBS and IAEA [33] 

correlations. The High Temperature Test Unit (HTTU) facility, developed by the PBMR company 

in collaboration with the North-West University and M-Tech Industrial (Pty) Ltd. in South Africa, 

is an experiment facility dedicated to study the different thermal-fluid phenomena of pebble bed 

type of HTGR. A separate effect test has been performed to investigate the effective thermal 

conductivity of the pebble bed. Pebble surface temperatures are measured at multiple vertical and 

circumferential locations. These temperature measurements were used to derive the effectively 

thermal conductivity of the pebble bed based on the Fourier’s law. Two test cases, namely the 

82kW and 20kW cases, have been selected to validate SAM’s implementation of effective thermal 

conductivity correlations. For the 82kW case, SAM-predicted temperatures using the IAEA and 

ZBS correlations agree pretty well with experimental data. For the 20kW case, the IAEA 

correlation produces slightly better prediction on pebble surface temperature, while the ZBS 

correlation produces higher temperatures than experiments. The details of the SAM code 

validation for pebble bed friction pressure drop can be found in Ref. [34]. 

Another study was performed to validate the capability of SAM to predict the frictional 

pressure drop through pebble beds. Selected experimental data were used for code validation, 

including data from test facilities at Texas A&M University, Missouri University of Science and 

Technology, and North-West University of South Africa. SAM implemented three empirical 

correlations to predict frictional pressure drop: the classical Ergun correlation; the KTA 

correlation, which is widely used in high-temperature gas-cooled reactor applications; and the 

Eisfeld and Schnitzlein correlation, which explicitly considers the wall effect. Code validation was 

performed using all three correlations. For all selected experimental data, the KTA correlation 

shows the best performance and agrees very well with experimental measurement; the Eisfeld and 

Schnitzlein correlation shows acceptable accuracy; the Ergun correlation, however, over-predicts 

frictional pressure drop for most selected data points. The details of the SAM code validation for 

pebble bed friction pressure drop can be found in Ref. [35]. 
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